Rice variety Basmati 370 was transformed with a co-integrate vector pSM6 carrying cry1Ac and cry2A genes. The hygromycin resistance gene on a separate vector, pROB5 was used as a selectable marker. One to two week old scutellum derived calli were transformed with a biolistic gun. Transgenic status of different transformed lines was evaluated by molecular analysis (PCR, Dot blot, Southern blot, Western blot and ELISA) and insect feeding assays with rice leaf folder (RLF) and yellow stem borer (YSB). An average transformation efficiency of 1.98% was observed in a set of experiments. Plants from five different transgenic lines exhibited 100% mortality against rice leaf folder and segregated in Mendelian fashion. Insect bioassays revealed that there is no synergistic or antagonistic effect of cry1Ac and cry2A genes on the development of resistance against RFL and YSB.
Introduction
Rice is an important food crop feeding over 2 billion people in developing countries (FAO, 1995) . Rice productivity is severely affected by several biotic and abiotic factors e.g. damage caused by different insect pests and diseases. Larvae of lepidoptera are, perhaps, the most destructive insects in the world (Khan et al., 1991) and yellow stem borer (Scirpophaga incertulas) and rice leaf folder (Cnaphalochrocus medinalis) are particularly important among them. Rice stem borers alone are responsible for a steady annual damage of 5-10% to the rice crop, which occasionally reaches up to 60% under favorable conditions of insect attack (Pathak and Khan, 1994) . Transformation of rice with Bt genes is a common approach to withstand insect infestations and many groups have produced transgenic Bt rice resulting in built-in insect resistance (Datta et al., 1998; Fujimoto et al., 1993; Maqbool et al., 1998) . Bt cultivars, however have the same weakness as many other insect control technologies e.g. insects can evolve resistance to them eliminating their effectiveness. Insects have already evolved resistance to all classes of widely used insecticides, including Bt products that are applied as sprays (Frutos et al., 1999) . Discovery of resistance to Bt toxin in Plodia interpunctella by McGaughey (1985) influenced the use of Bt formulations as well as transgenic plants expressing Bt toxins. Several strategies have been proposed to delay or avoid the process of resistance build up by insects against Bt proteins. These strategies include gene pyramiding, crop rotation, high dose and spatial or temporal refugia. Gould, 1986a,b) .
Gene pyramiding is the simultaneous transfer of more than one gene into transgenic plants. The utility of this strategy is supported by field (Ye et al., 2001a,b) and laboratory data (Matten et al., 1996) on insect control using transgenic and conventional Bt products. Recently, Zhao et al. (2003) reported results from a greenhouse study showing that stacking two toxin genes, with different modes of action into plants, offers a means of achieving longer delays in the development of resistance and mostly fit the predictions of simple genetic models. Toxicity data on Cry1Ac selected Spodoptera exigua provides further support for gene pyramiding strategy (Moar et al., 1995) . A high level of resistance has been achieved in dipterans to a single Bt toxin but only very low level of resistance was achieved when selecting with Bt toxin mixture (Dai and Gill, 1993; Moar et al., 1995; Georghiou and Wirth, 1997) . It was also strongly recommended that any two Bt toxins that are used in combination must not be too similar to each other, otherwise, a single mutation could confer cross-resistance to both toxins. More than 100 Bt toxin genes have been cloned and sequenced and these toxins are highly divergent in amino acid sequence and some biochemical properties (Frutos et al., 1999) and studies done by two groups (Fiuza et al., 1996; Lee et al., 1997) showed that cry1Ac with cry2A is good combination for lepidopterans as proteins produced by these genes bind to different receptors in the insect midgut and are driven through different molecular mechanisms.
The present studies were carried to develop transgenic Basmati rice harboring two unrelated Bt genes and to check synergistic or antagonistic effect of two cry genes on the development of sustainable resistance of Basmati rice against Lepidopteron insects.
Materials and methods

Plant material
The seeds of Oryza sativa variety, Basmati 370 were obtained from Rice Research Institute, Kala Shah Kaku (RRI) Lahore, Pakistan. Seeds were de-husked, treated with 70% ethanol for 1-2 min and surface sterilized with 50% sodium hypochlorite (Sun Bleach) for 20 min. Seeds were cultured on MS medium supplemented with 2,4 D (2 mg L À 1 ), casein enzyme hydrolysate (200 mg L À 1 ) and proline (300 mg L À 1 ). One to two week old scutellum derived calli from mature seeds of rice variety Basmati 370 were used for transformation experiments. Actively growing embryogenic calli were kept on high osmoticum medium (callus inducing medium containing 0.4 M mannitol) for 4 h prior to bombardment, in a circle of 2 cm diameter for biolistic transformation.
Transformation
Plasmid pSM6 carrying cry1Ac under the control of ubiquitin promoter and cry2A under the control of CaMV35S promoter was used in the present studies (Fig. 1A) . A second plasmid, pROB5, harboring the hygromycin resistance gene (hph) under the control of the CaMV35S promoter and nos terminator, was used as a selectable marker (Fig. 1B) . Genes of interest and marker genes were used in a 3 : 1 ratio. DNA was coated on tungsten particles in the presence of CaCl 2 (2.5 M) and spermidine (100 mM), resuspended in absolute ethanol and bombarded with a biolistic unit as described previously (Husnain et al., 1995 (Husnain et al., , 1997 .
Molecular and biological analysis of transgenic plants
Putative transgenic lines transformed with cry genes were subjected to molecular and biological analyses in order to confirm integration and expression of foreign genes. PCR and Dot blot analyses were used for screening of plants. Positive lines were selected for Southern blotting, Western blotting and the Insect Feeding Assay with rice leaf folders.
Southern and Western blot analysis was done as described by Maqbool et al. (1998) . Cry1Ac and Cry2A proteins were quantified in different plant parts i.e. leaf, straw, husk and seed using the EnviroLogix Cry1Ac and Cry2A plate kits (EnviroLogix, Maine, USA) according to manufacturers instructions.
Fresh leaf samples were collected and levels of Cry1Ac and Cry2A were estimated in different plant tissues including leaf, husk, seeds and seed coat. Seeds were harvested at the end of growth period and incubated at 37 -C for 48 h before protein extraction in order to study the stability of Bt protein in seeds after storage. Protein was extracted separately from seeds and seed coat.
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Insect feeding assay of transgenic rice plants
Lab scale bioassays were carried in 9 cm diameter Petri dishes. Leaves from untransformed plants and transformed plants were subjected to the insect bioassay. Plant material to be analyzed was washed with autoclaved distilled water. The toxicity of introduced insecticidal genes was observed by feeding the larvae of rice leaf folder on transgenic leaves. Nine second-instar larvae of RLF were used for each sample. Three to four pieces of leaves of transgenic plants of different lines were fed to the rice leaf folder and mortality was observed after three days. Leaf damage in control plants was considered 100% and damage in transgenic plants was estimated according to the control.
In the case of yellow stem borer, stem pieces, 4-6 cm in size from greenhouse grown plants were placed on a moistened filter paper disc in Petri dishes. Twenty neonate larvae were used for each sample. Plates were incubated at 25 T 2 -C in the dark. Percentage mortality and percentage of escaped insects were recorded after three days.
Experimental as well as control plants were infested with yellow stem borer under Greenhouse conditions. Two, three and four-month-old plants were selected. Twenty neonate larvae of yellow stem borer were used per plant. Plant damage was recorded as dead hearts and expressed as a ratio of dead hearts to total number of tillers at the end of the growing season. Transgenic plants at different growth phases were randomly selected along with respective controls.
Segregation analysis of progeny plants
Seeds from four plants, i.e. NCB-313-1, NCB-313-2, NCB-313-3, and, NCB-313-19, were grown in the Greenhouse either through tissue culture or by direct sowing. Segregation of the insect resistance phenotype was determined by the insect feeding assay with RLF and YSB. The plants with larval mortality above 50% were considered as Bt positive plants.
Results
Dot blot and Southern blot analysis of T 0 and T 1 plants
Both Dot blot analysis and PCR analysis were used for screening primary transformants. All transgenic lines were found positive in Dot blot for cry1Ac and cry2A. Ninety seven T 1 plants of NCB-313-1, NCB-313-2, NCB-313-3, NCB-313-6, NCB-313-19, NCB-313-20, NCB-313-23 and NCB-313-26 were subjected to Dot blot analysis for cry1Ac and cry2A. Out of 97 plants screened through Dot blotting, 72 showed the presence of both cry1Ac and cry2A genes. Information about size and insertion pattern of integrated transgenes was obtained through Southern blotting. HindIII cleaves the plasmid pSM6 into two fragments of 4 and 6 kb. The first one has a full expression cassette for the cry1Ac gene and it can be detected by the cry1Ac probe. The other 6 kb fragment has the remaining vector including 3 kb cry2A expression cassettes. Digestion of plant genomic DNA with HindIII was carried out to confirm the integration of both cry genes. One or two plants from each parent plant were subjected to Southern blot analysis. 10 Ag of plant genomic DNA was digested with HindIII and subjected to Southern blot for cry1Ac and cry2A genes (Fig. 2) . In all the plants analyzed, cry1Ac and cry2A fragments were present at their expected size. There were rearrangements in the banding patterns of four plants that showed that the cry2A gene was not completely intact in these progeny plants of NCB-313, as in the T 0 generation.
Western blot analysis of T 1 plants
Bioassay positive T 1 plants were subjected to Western blot analysis at the age of 60 -90 days. High level of Cry1Ac protein was detected in progeny plants as compared to Cry2A. Both proteins were stable in plants (Fig. 3) . In some cases smaller bands of 30 to 50 kDa were also detected which appeared to be degraded proteins as these bands were absent in untransformed control.
Enzyme linked immunosorbent assay
EnviroLogix's plate kits for Cry1Ac (AP 003) and Cry2A (AP 005) were used to study expression of Cry proteins in different plant parts. The limit of detection for Cry1Ac and Cry2A is 0.4 and 0.52 ppb, respectively. Three transgenic plants NCB-313-3-22, NCB-313-6-2 and NCB-313-19-8 were subjected to ELISA. Straw of NCB-313-3-22 had turned brown completely while in other plants it was partially green. Wide variation was observed in expression levels in leaf, seed and seed coat ( Table 1) to 1.45 Ag g À 1 of leaf tissue. These plants are from the same transformation event and thus it is unlikely that position effect altered the function of same gene.
A significant amount of Cry protein was detected in seeds and seed coats. It can be concluded that Bt protein can persist in seeds even after one-year of storage at 25 -C. In the case of straw, no Cry protein was found when it turned brown, as in the case of NCB-313-22. In NCB-313-6-2 and NCB-313-19-8, the straw was partially green, and a significant amount of Cry1Ac and Cry2A protein was detected.
Insect feeding assay of progeny plants
Progeny plants were divided into three categories; plants harboring cry1Ac or cry2A only, and plants with both genes. Nine plants from each category were used to test their ability to kill rice leaf folder and yellow stem borer. Transgenic plants exhibited improved performance against yellow stem borer when both genes were present (Table 2 ). Cry1Ac, Cry2A and their combination in transgenic plants was able to cause 100% mortality against rice leaf folder. A very low larval mortality was observed in yellow stem borer when only the cry2A gene was expressing in transgenic plants. The combination of two genes was successful in controlling the rice pests.
After each set of transgenic plants was compared with its respective control, damage in transgenic plants was less than 50% as compared to untransformed plants. Similarly a comparison was made between transgenic plants themselves. Damage in two-month old transgenic plants was less than that in three and four-month old plants (Fig. 4) . It can be concluded that Bt protein was present in transgenic plants at different growth stages, up to a level enough to control lepidopteran pests.
Segregation analysis of progeny plants
When progeny plants were subjected to an insect feeding assay a wide variation was observed in larval mortality. Transgenic plants with more than 50% larval mortality were declared positive. Chi square (v 2 ) test showed that plants -37, 313-26-7, 313-26-3, 313-20-6, 313-3-18 , and 313-1-2. Lane C: protein from untransformed plant. Lane P: Bt protein. segregated according to Mendelian ratios (3 : 1) in all transgenic lines (Table 3) .
Discussion
Transgenic plants with insecticidal crystalline proteins from Bacillus thuringiensis could dramatically reduce the use of conventional broad-spectrum pesticides against insect pests. However, there is always a risk that insects could become resistant to these toxins after prolonged and repeated field exposure. As Bt toxins are valuable natural resources, good management is essential for preserving the natural effectiveness of these toxins. The most practical approach to prolong the effectiveness of Bt crops is a high dose/refugia strategy and stacking of two or more genes into the same cultivar . Cry1Ac and Cry2A proteins are most efficacious against rice leaf folder and yellow stem borer and recognize different binding sites as exemplified by their additive effect in the biotoxicity assay and binding experiments (Fiuza et al., 1996; Lee et al., 1997) . Consequently, cry1Ac and cry2A genes were transferred into a construct containing both genes in one replicon. The maize ubiquitin promoter controlled the expression of cry1Ac while the expression of cry2A was driven by the CaMV 35S promoter. These promoters were widely being used in rice transformation experiments where they expressed constitutively throughout transgenic rice plants. The particle bombardment procedure for transformation was used as a method of choice due of its genotype independent nature (Christou, 1997) and a transformation efficiency of 1.98% was observed. The ultimate goal of this study was to develop highly sustainable pest resistant transgenic rice plants.
Results of Southern blot analysis showed that the line NCB-313 harbors the intact pSM6, and cry1Ac and cry2A expression cassettes were present at the respective sites. There was rearrangement of the cry2A gene in a few progeny plants of this line. Protein expression of 1-2% of leaf soluble proteins was observed for cry1Ac and cry2A genes in this line which seems a good value to control rice insects. For successful resistance management, it is important that the toxin titer be maintained throughout the growth season. It is also important that toxin titer should not be too high as it may affect agronomic performance (Maqbool et al., 1998) . In lines NCB-311 and NCB-312, cry1Ac expression cassette was not present in its expected size, therefore no expression of this protein was observed (data not shown). When insect toxicity was evaluated by feeding the leaves of primary transformants to rice leaf folder the mortality rate in all of the transgenic plants was 100% irrespective of whether one or two genes expressed. However, the percentage damage was variable from 3% to 50%. In following generations this resistance slightly decreased up to 79% for cry2A alone. The same trend was observed for YSB where plants expressing cry2A alone showed significant reduction in mortality. Different groups have reported significant protection against this insect (e.g. Bashir et al., 2004; Maqbool et al., 1998; Shu et al., 2000; Tu et al., 2000; Ye et al., 2001a,b) . These results indicate that a significant amount of Bt protein was present in all of the transgenic lines and that plants expressing two genes could be helpful for resistance management against lepidopteran insects.
Success of transformation depends upon the integration and expression of target gene in the plant genome, and on its inheritance in progeny plants. On the basis of molecular and entomocidal analyses the line NCB-313 was selected for further studies. More than 100 progeny plants of NCB-313-1, NCB-313-2, NCB-313-3, NCB-313-19, NCB-313-20, NCB-313-23, NCB-313-6, NCB-313-26 and NCB-313-32 were studied.
Results obtained from Dot blot analyses and Southern blot analyses clearly confirmed the stable integration and segregation of cry1Ac and cry2A genes in the T 1 generation. Expression of both genes in the T 1 generation was studied by Western blot analysis, ELISA and insect feeding assay.
Highest expression of Cry1Ac and Cry2A proteins was found in leave tissue as compared to other parts. Variation in differential expression in plant parts for Bt genes with constitutive (Bashir et al., 2004; Bashir et al., 2005) and tissue specific promoter (Husnain et al., 2002) has already been reported. This variation may be due to difference in water and protein contents in different plant parts. There was very little Bt protein in straw that was collected at the end of growing period had turned partially yellow in colour. Bt protein can persist in transgenic seeds but not in decaying remnants of the plant for long time (Bashir et al., 2004) .
The level of Cry1Ac protein was 4 -18 fold higher than Cry2A in same amount of plant leaf. Higher expression of Cry1Ac may be due to higher efficiency of ubiquitin promoter. Low expression of Cry2A may be due to the fact that it was under the control of CaMV 35S promoter. Ubiquitin promoter is more active than CaMV35S in transgenic plants (Koziel et al., 1993) . It is also reported that younger tissue has higher levels of protein expression with use of the 35S promoter (Williamson et al., 1989) . Li et al. (1997) also reported 10 fold higher expression of reporter gene (GUS) under ubiquitin promoter than under the 35S promoter.
Infestation of transgenic plants at different growth stages has shown that damage was high in four-month-old plants, and less in 2 and 3 month old plants. It indicates that concentration of Cry proteins is higher in younger and actively growing tissues. Toxin titer differs substantially among plant lines that are transformed with the same Bt gene construct (Cheng et al., 1998; Datta et al., 1998) Wunn et al. (1996) who reported that there was higher amount of Cry1Ab protein in 14 week old plants as compared to 8 week old plants. He concluded that Bt proteins are produced and accumulated in plants over time. At the end of the growth period, when the plant undergoes the process of senescence, the Bt proteins start degrading along with other organic compounds in plant cells. In short, we have reported development of transgenic Basmati rice expressing two unrelated Bt genes segregating in Mendelian fashion. These plants showed better protection against lepidopteran insects and will help to delay the resistance development against Bt toxins. Transformation of rice with more than one Bt genes opens new horizons for development of a high yielding insect resistant rice variety.
